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THE METABOLISM OF SKIN. EFFECT OF VESICANT AGENTS*
E. S. GUZMAN BARRON, M.D., J. MEYER, M.A.,AND ZELMA BAXER MILLER, PHD.
In spite of the important functions of the skin as a protective organ, an organ
of secretion- and absorption, and an organ of heat and water regulation, the
mechanfsms by which these functions are exercised are still unknown. Since
the performance of all of these functions requires the expenditure of energy, a
study of the metabolism of skin is of fundamental necessity. The literature on
this subject is rather fragmentary and is concerned mostly with values of total 02
uptake, CO2 output, and glycolysis (1—7). In addition to reports on utilization
of amino acids by the skin (8—15), there have been published investigations on
the presence of certain enzymes in this tissue, such as proteinases (16), lipase
(17), catalase (18), arginase (19), histaminase (20), polyphenol oxidase (21),
phosphatase (22), choline esterase (23, 24).
We piesent in this paper data on the metabolism of the skin (human and
rat), and on the effect of some vesicant agents. These investigations were
performed in the years 1942—1943.
EXPERIMENTAL
,Skim Slices. The difficulty of measuring skin respiration has been generally
recognized. In contrast to the regularity of results obtained with other tissues,
the respiration of skin has been reported to vary greatly. The reasons for this
variation are manifold: variable fat content, the fibrous tissue, variable content
of sweat glands, sebaceous glands, hair follicles, erector muscle, nerve endings,
besides the epithelium and fiber layers. When studying the skin of rats, great
care must be taken to eliminate the muscular layer lying below the skin. Pre-
liminary experiments were undertaken checking microscopically every method
used in the preparation of slices. The method giving the most consistent results
in rat skin was as follows: The hair was removed by shaving the animal without
the use of soap. The skin was removed with scissors and was separated from
the underlying muscle sheet by stripping it off by hand. The tissue was then
put in Ringer-phosphate. (It is not necessary to use the skin immediately
for we have found that storage in a moist cloth at 30 for 10 hours did not affect
the rate of 02 uptake.) The skin sheet was distended and maintained in that
position with tacks, and the corium, fat, and connective tissue were removed by
carefully separating these layers with a sharp thin razor blade. The skin sheet
denuded of fat was pressed with a glass plate and cut into strips 2 mm. wide,
0.7 mm. thick, and 10 mm. long. The strips were cut into two and were thor-
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oughly mixed before selection; about ten of them were taken for each Warburg
vessel, making about 300 mgs. fresh weight. Human skin was obtained from
the operating room of the Department of Surgery. Although methods are
available for separating epidermis from dermis, we have made no attempt to
study other than the whole skin.
Nucleic acid P determinations were made according to Berenbium and Chain (25);
lactic acid, according to Miller and Muntz (26); citric acid, according to Pucher et at. (27).
NH3 was determined by a modification of the distillation technic of Conway (28); acetalde-
hyde, by 8team distillation in the Parnas apparatus (29). The acetaldehyde was received
in 5cc. of 1 per cent bisulfite and titrations were made as usual. Pyruvic andaketoglutaric
acids were determined by the method of Friedemann and Haugen (30). 02 uptake and
CO2 formation in Ringer-phosphate buffer were measured with the usual manometric
technic of Warburg, and the respiratory quotients, according to Warburg and Yabusoe
(31). 02 uptake, CO2 formation and respiratory quotients in Ringer-bicarbonate with
02:C02 as gas phase, with the method of Dixon and Keilin (32). The Ringer-phosphate
solution was made as follows: Ringer, 876 cc. of 0,154 M NaCI, 26 cc. of 0.154 ill KC1;
10 cc. of 0.11 M CaC12, 5 cc. of 0.154 M MgSO4. To 80 cc. of Ringer were added 20 cc. of 0.1
M phosphate buffer (NaHP04 + lid), pH 7.48. This Ringer-phosphate solution differs
from the Krebs-Hanseleit solution (33) by its lower Ca and bigher phosphate content.
The Ringer-bicarbonate solution was made with 80 cc. of Ringer plus 20 cc. of 0.154 M
NaHCO3. The Ringer-phosphate solution maintains the respiration of tissue slices at a
steady rate for 3—4 hours.
The 02 Uptake of Skin. A comparison was made of the 02 uptake values
referred to dry weight, fat-free dry weight, and nucleic acid P. In quadruplicate
experiments the results expressed as per 100 micrograms nucleic acid P agreed
within 6 per cent; those expressed as per 100 mgs. dry weight, or fat-free dry
weight within 9 per cent (Table I). However, the determination of nucleic
acid P is so laborious (6 hours) that the customary method of dry weights was
used throughout.
To study the effect of CO2 on skin respiration, simultaneous measurements of
02 uptake were made on the skin of the same animal in Ringer-phosphate buffer
with Warburg vessels and in Ringer-bicarbonate with Dixon-Keilin vessels;
the former were saturated with 02, and the latter with 02:C02. In the skin of
young rats, the Q02 values in Ringer-bicarbonate were about 10 per cent higher
than in Ringer-phosphate; in adult rat skin the difference increased to 17 per cent
(Table II). However, the respiration in Ringer-phosphate remained linear for
five hours.
The Influence of Age on the 02 Uptake of Rat Skin. The respiration of young
rat skin was considerably higher than that of adult rat, as was found previously
by Loebel (3) in mice skin and by Adams (1) in the rat. The Q02 values of rat
skin—from foetus up to 7 days—was between 7.3 and 3.6. After 7 days the
Q02 values dropped abruptly to about 0.8, and remained unchanged from then
on (Table III). Thus rat skin remains of foetal type up to the 6th day after
birth.
In rats of the same age, the Q02 values of the skin seemed to vary with the
strain. In one strain (Wistar rats inbred at the laboratory for 7 years), the
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TABLE I
The oxygen uptake of adult rat skin
Expressed per nucleic acid P. (100 micrograms), dry weight (100 mgs.) and fat-free
dry weight (100 mgs.).
Ringer-phosphate, pH 7.33. Glucose, 0.01 M. Temp. 38°. 02 as gas phase.
02 uptake
NUCLEIC ACID P DRY WEIGHT 1'AT-PREE DRY WEIGHT
c.mnz. cjnm. c.mm.
146.2 83.2 85.4
130.0 77.7 79.4
112.5 80.0 81.6
117.0 79.2 81.8
114.0 66.9 69.0
121.5 69.6 71.6
TABLE II
Q02 values of rat skin
Determined in Warburg vessels with Ringer-phosphate with 02 as gas phase and in
Dixon-Keilin vessels with Ringer-bicarbonate with 02:C02 as gas phase p11,7.4. Glucose,
0.01M (Skin from the same rats was used for these comparative values).
Q02 values
AGE OP RAT WARURG VESSELS DIXON-KEILIN VESSELS INCREASE IN DIXON-KEILINVESSELS
days
1.5
2.5
90
100
c.m,n.
5.6
4.51
0.99
0.93
c.m,n.
6.04
4.58
1.18
1.07
per cent
9.0
1.5
19
15
TABLE III
The influence of age on the respiration of rat skin
Rats from No. 2 through 7 were from the same litter. The remaining rats belonged to
the same colony. Ringer-phosphate, pH 7.4. Glucose, 0.01 M. 02 as gas phase. Temp.
38°. QOs values give c.mm. 02 uptake per mg. per hour.
RAT NO. AGE Q02
days
1 0 (foetus) 5.35
2 0.33 5.25
3 1.4 5.83
4 2.4 7.33
5 3.4 5.58
6 4.2 4.30
7 6.2 3.57
8 41 0.81
9 61 0.96
10 92 0.84
11 516 0.88
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Q02 values fluctuated between 0.4 and 0.6. In a colony obtained later (Sprague-
Dawley) the QOs values were higher, from 0.7 to 0.9.
The RQ values of beta! skin were consistently higher than those of adult skin
(Table IV). These values were obtained by the method of Dixon and Keilin
and by the method of Warburg and Yabusoe.
TABLE IV
The respiratory quotient (R.Q.) of rat skin
Measured with the Dixon-Keilin method and with Warburg's indirect method.
Buffer: Ringer-bicarbonate in Dixon-Keilin's method; Ringer-phosphate in Warburg's
method.
AGE OR RATS
rnXON-KRILIN SIETUOD WARBURG METROD
QO, QCO, R.Q. QO, QCO, R.Q.
days
1.5 6.04 5.88 0.973
2.5 4.58 4.55 0.993
90 0.948 0.842 0.892
100 0.859 0.752 0.875
100 1.18 0.925 0.786
41 0.806 0.608 0.755
65 0.94 0.75 0.80
92 0.84 0.775 0.02
5.6 0.88 0.73 0.83
TABLE V
The influence of age on the glycolysis of rat skin
Values give c.mm. of lactate produced per mg. dry tissue per hour, in 02:C02 as gas
phase (Q2) and N2:C02 as gas phase (Q'). Figures give cmm. per mg. dry weight per
hour.
AGE OF RATS Q Q QOz u — Q — (2Q0,)
days
1 0.6 5.8 4.53 —3.26
1 0.7 5.59 5.46 —3.43
120 0.3 1.15 0.61 0
150 0.2 1.28 0.80 0.32
Skin Glycolysis. The fermentation of glucose by foetal skin was found to be
much higher than that of adult skin, in agreement with D. Needham and Dixon.1
The anaerobic glycolysis of I oetal skin was about 5.2 (Q2). The values for
adults skin were four times smaller. The difference in the values for aerobic
glycolysis was less (Table V). Foetal skin is a tissue with greater oxidative
reactions than that of adult skin, as can be seen on calculating the excess fer-
mentation values (Q2 — (2Q02)), U, of Warburg (34). In foetal skin they
1 D. Needham and M. Dixon, British Reports (1941).
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were always negative while in adult skin they were close to 0. Skin glycolysis
was inhibited by iodoacetic acid (0.001 M), fluoride (0.01 M) and by glycer-
aldehyde (0.005 M) when these reagents were added to the Warburg vessels.
Fuoride and iodoacetate when kept in contact with the outer surface of the
skin for 30 minutes had no effect at all, undoubtedly because of lack of penetra-
tion (Table VI). Since iodoacetate inhibits the activity of phosphoglycer-
aldehyde dehydrogenase (activating protein) (35), fluoride, that of enolase (36),
and glyceraldehyde probably that of hexokinase (37) it can be postulated that
skin glycolysis (from glucose to pyruvate) follows the same pathway as that of
TABLE VI
Effect of inhibitors on the glycolysis of rat skin
Buffer, Ringer-bicarbonate. Gas phase, N2:C02. Values give c.mm. CO2 produced
INnThITOR CONCENTRATION
N2
C02 INHIBITION
Control With inhibitor
lodoacetate
lodoacetate applied for 30 mm. to
the skin
NaF
Na F applied for 30 mm. to the skin
Glyceraldehyde
M
0.001
0.003
0.01
0.1
0.005
0.94
1.99
1.25
1.16
2.21
0.14
1.70
0.34
1.13
0.58
per cent
86
None
73
None
69
TABLE VII
The influence of age on the respiration and glycolysis of human skin
Q values give c.mm. 02 uptake or lactic acid formation (in C02) per mg. dry weight
per hour.
KIND OE SKIN RESPIRATIONQa
GLYCOLYSIS
QCO2
Adult skin
Foetal skin (4 months old foetus)
1.59
1.81
3.66
8.60
yeast. Furthermore, hexokinase was isolated from skin by Needham and
Dixon,2 and by Con.3
In contrast to this behavior of rat skin, the respiration of human skin did not
show remarkable difference. In fact, the Q02 of the skin of four months foetus
was 1.81, only a little above the Q02 value of adult skin, 1.51. Anaerobic
glycolysis, however, was greatly increased in foetal skin (Table VII). The
human skin on going from the foetal to the adult stage has lost the large anaerobic
glycolysis while the respiration remains about the same.
Pyruvate Utilization. No evidence of the utilization of pyruvate by the skin
2D. Needham and M. Dixon, British Reports (1943).
C. F. Con, personal communication (1943).
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has yet been published. Wahigemuth and Nakamara (38) reported acetaldehyde
formation by skin and concluded that it came from decarboxylation of pyruvate.
Pyruvate, the final product of the first phase of the anaerobic metabolism of
carbohydrate, can be used by the tissues in a variety of ways: oxidation, dismu-
tation, CO2 fixation, decarboxylation, amination, condensation (39). Of these
mechanisms of pyruvate metabolism, the skin seems to possess mainly the
oxidation and dismutation mechanisms. Pyruvate utilization by foetal skin
(rat) in 02 as gas phase as well as in N2 as gas phase was about ten times higher
than that of adult skin. As a consequence, the oxidismutation coefficient
fPyruvate utilized in o\
I . . i values were similar (Table VIII). In experiments of\Pyruvate utilized in N2,
three hours duration and 300 mgs. skin slices per vessel in Ringer-phosphate and
pyruvate, no acetaldehyde was found at the end of the experiment, although
there was pyruvate utilization. The synthesis of carbohydrate from pyruvate,
which can be easily demonstrated in kidney and liver slices, did not occur in skin
slices in experiments of three hours duration in Ringer-bicarbonate with 02: CO2
TABLE VIII
Utilization of pyruvate in rat skin
Ringer-phosphate buffer, pH 7.4. Concentration of pyruvate, 0.01 M.
micromoles of pyruvate utilized per 100 mgs. skin (dry weight) per hour.
Figures give
PYR. OXIDATiON !N PYR. DISMUTATIONRIND OP SXIN 0, AS GAS PHASE IN N, AS GAS PHASE
OXIDISMIYTATION
COESTICIENT
Foctal skin (3 day old rat skin) 11.2 6.0
Adult skin 1.4 0.63
1.87
2.22
as gas phase. No increase in the initial amount of carbohydrate was found
either in foetal skin or in adult skin (rat).
02 Uptake in the Presence of Intermediates of Carbohydrate Metabolism. Of
the intermediates of carbohydrate metabolism, succinate produced the greatest
increase in 02 uptake. Glucose and pyruvate increased it very little. Citrate,
a ketoglutarate, and lactate had no effect (Table IX). Neither citrate nor
a ketoglutarate were utilized by the skin (foetal and adult) as shown by chemical
analysis after three hours' incubation. The possible utilization of citrate by the
skin was studied also by detecting the presence of aconitase and isocitric de-
hydrogenase. For aconitase determination 16.5 grams of adult skin (rat) were
used. The skin was homogenized in the presence of 70 cc. 0.1 M Na2HPO4
at 30• The paste was ground further in a mortar with the addition of sand and
was squeezed through muslin; the fluid was centrifuged. To 10 cc. of this
supernatant solution, equal to 2.35 g. of skin, there were added 61.5 mgs. cis-
aconitic acid previously neutralized with NaHCO3, and water to make 20 cc.
Four cc. of this solution was added soon after to 2 cc. 40 per cent CCI3COOH +
2 cc. H20. The initial citric acid content was 53 micrograms per gram. The
remainder was incubated at 38°, and aliquots of 4 cc. were withdrawn at different
times for citric acid analysis. There was hydration of cisaconitic acid into citric
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acid, indication of the presence of aconitase (Figure 1). However, the Q
aconitase value (c.mm. of citric acid formed per mg. dry weight per hour) was
only 0.05. Since the Q aconitase of muscle (pigeon) is 120, the small amount
of aconitase found must be due to traces of muscle tissue remaining in the 16.5
grams of skin used for the extraction of the enzyme. Detection of isocitric
dehydrogenase was attempted on 13.4 grams of skin from young rats (two
TABLE IX
02 uptake of rat skin in the presence of some carbohydrate intermediates
Ringer-phosphate; 02 as gas phase; substrate, 0.01 M. Values give c.mm. per mg. dry
weight per hour.
SUBSTRATE QO,
c.mm.
None 0.82
Glucose 0.94
Citrate 0.82
Pyruvate 0.92
a-Ketoglutarate 0.89
Lactate 0.90
Succinate 1.33
'I,24
0
C)22
C
4
C,
I-
0
TIME IN MINUTES
Fia. 1. ACONITASE IN RAT Sxxn
Enzyme in each tube from .940 mgs. of fresh tissue. Incubation, 38°
months old), the procedure for extraction of the enzyme being that of Adler et al.
(40). No isocitric dehydrogenase was found in tests where the protein extracted
corresponded to 1 g. of fresh tissue. This would be an indication that the
pathway of carbohydrate metabolism in skin does not go via the tricarboxylic
acid cycle.
The Metabolism of Amino Acids. The Italian investigators already mentioned
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(7—15) reported that skin oxidizes amino acids. The 02uptake of adult rat
skin was not increased on addition of DL-alanine, arginine, and L-glutamic acid;
histidine and tyrosine increased it. There was utilization of alanine, histidine,
TABLE X
The utilization of amino acids by rat skin
Ringer-phosphate. 02 as gas phase. Substrate, 0.01 M. The NH, values are those
obtained after subtraction of the NH, produced by skin in the absence of amino acid
(about 0.14 c.mm.)
SVBSTRATZ
QO,
QNHZ-
None With substrate
D,L-Alanine
Arginine
L-Glutamate
Histidine
Tyrosine
c.nim.
0.80
0.85
0.70
1.00
0.90
c.mm.
0.85
0.90
0.71
1.30
1.29
c.mm.
2.5
0.8
None
5.0
6.0
TABLE XI
Effect of fatty acids on the 02 uptake of rat skin
Ringer-phosphate; Substrate, 0.01 M. Values give c.mm. per mg. dry weight per hour
SUBSTRATE
QOs
UTILIZATION
With substrate None
Stearate
Butyrate
Aceto-acetate
0.97
0.92
0.87
0.97
0.85
0.80
c.mm.
—
—
0.5
TABLE XII
Comparative effect of iodoacetate and d-l glyceraldehyde on respiration and anaerobic glycolysis
of rat skin slices
Glucose, 0.01 M
PER CENT INHIBITION IN 90 HIM.
lodoacetate 5 x io— M d-1 Glyceraldehyde
Respiration
Glycolysis
22 None
83 74
and tyrosine as shown by the formation of NH3 (Table X). The protein
metabolism of skin seems to be low. Fruton (41) found certain peptidases in
the skin but in small amounts. Furthermore, these peptidases did not split
typical substrates for leucine aminopeptidase and for carboxypeptidases. It is
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known, also, that protein synthesis, which occurs in all tissues of the body, is
least in the skin (42).
The Metabolism of Fatty Acids. The skin is surrounded by a layer of fat tissue
which in addition to aiding in the heat regulation process, might be used as a
source of energy. Of the three fatty acids studied, stearate, butyrate, and
TABLE XIII
Effect of pH on the 02 uptake of rat skin
Ringer-phosphate. 02 as gas phase
pH
QO,
Initial Final
6.43
7.03
7.34
7.58
6.15
6.67
6.86
6.99
cJnm.
0.61
0.74
0.73
0.74
TABLE XIV
Effect of 02 tension on the respiration of rat skin
Ringer-phosphate solution; glucose, 0.01 M. Adult rat skin
QO, values
IN AIR IN O
0.724
0.617
0.622
0.81
0.854
0.857
0.764
0.95
TABLE XV
02 uptake of rat skin of different parts of the body
PART OP ThE BODY QO,
Abdomen
Scapula
Sacrum
c.mm.
1.1
0.88
0.71
acetoacetate, butyrate and acetoacetate increased the 02 uptake slightly.
Acetoacetate was utilized by the skin (Table XI).
Pathways of Carbohydrate Metabolism. Carbohydrate metabolism in skin
seems to proceed not only via the glycolytic-oxidative pathway common to other
tissues, but also through direct oxidation of carbohydrate. The experiments in
Table XII are presented in support of this assumption. lodoacetate at a
concentration sufficient to produce 83 per cent inhibition of glycolysis inhibited
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respiration by only 22 per cent. Glyceraldehyde, at a concentration sufficient to
produce 74 per cent inhibition of glycolysis, had no effect at all on respiration.
The succinate fumarate system might be linked to the oxidation of pyruvate
according to the following reactions:
1) Pyruvate + Flavin Reduced Flavin + Acetate
2) Reduced Flavin + Fumarate Succinate + Flavin
Fumarate would restore the catalyst for pyruvate oxidation. However,
addition of fumarate had no effect on the 02 uptake of the skin in experiments
of five hours duration.
Effect of pH on Skin Respiration. Skin respiration remained constant on
changing the pH value of Ringer-phosphate from 7 to 7.6. There was a slight
TABLE XVI
02 uptake, and anaerobic glycolysis of human skin
02 Uptake (Q02) in Ringer-phosphate, pH 7.4 and Glucose, 0.01 M. 02 as gas phase.
Anaerobic glycolysis (Q$,) in Ringer-bicarbonate with N2:C02 as gas phase; pH, 7.4.
Glucose, 0.01 M.
QO, QJ,
c.mm.
0.98
1.98
2.02
1.8
1.2
1.8
1.7
2.2
1.7
1.5
c.mm.
2.7
3.3
4.8
4.2
3.5
4.0
3.0
4.2
3.2
3.7
Average 1.59 3.66
diminution at pH 6.4 (17 per cent inhibition). In every instance there was acid
formation, enough to lower the initial pH value of the Ringer-phosphate solution
in spite of the high phosphate concentration (0.02 M). This acid formation was
greater at pH values of 7.34 and 7.58 (Table XIII).
Effect of Oxygen Tension. Although the respiration of skin slices was small it
was definitely affected by the 02 tension. It was higher when the Ringer-
phosphate solutions were saturated in 02 with 02 as the gas phase than when
air was the gas phase (Table XIV).
Skin Respiration of Different Parts of the Body. A comparison was made of
the 02 uptake of the skin of the same animal taken from different parts of the
body. The 02 uptake of the skin from the abdomen was greatest, that from the
scapula next, and that from the sacral region least (Table XV).
02 Uptake and Glycolysis of Human Skin. Human skin, as already indicated,
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was obtained from the Department of Surgery, and came from adult individuals.
No record was kept of the portion of the body from which it was excised. The
skin slices were about 0.8 mm. thick. The 02 uptake in glucose and Ringer-
phosphate was about 1.59 c.mm. per mg. dry weight, and the anaerobic glycolysis,
3.7 (Q,) (Table XVI).
02 Uptake of Thiamine Deficient Rats. It is well known that a number of
skin lesions occur in thamine deficiency. To study the effect of vitamin B1
deficiency on the metabolism of this tissue, young rats were fed with a diet
deficient in thiamine (43). They were sacrificed for the study of skin metabolism
when they showed obvious symptoms of deficiency. The 02 uptake of the skin
TABLE XVII
Skin respiration of thiamine deficient rats
Ringer-phosphate; pyruvate, 0.01 M. 02 as gas phase. Thiamine (B1) 50 micrograms.
Q02
RAT NO. ___________________ __________________ ___________________
No substrate Pyruvate Pyruvate + B,
cm,,,. c.mm. cm,,,.
1. 1st hour 0.42 0.49 0.49
2nd hour 0.37 0.40 0.51
3rd hour 0.38 0.42 0.52
2. 1st hour 0.24 0.26 0.26
2nd hour 0.20 0.28 0.29
3rd hour 0.19 0.32 0.36
3. 1st hour 0.11 0.13 0.13
2nd hour 0.13 0.17 0.17
3rd hour 0.14 0.20 0.20
4. 1st hour 0.49 0.51 0.50
2nd hour 0.40 0.52 0.55
3rd hour 0.35 0.50 0.55
5. 1st hour 0.09 0.097 0.097
2nd hour 0.07 0.103 0.13
3rd hour 0.08 0.146 0.157
was lower than the average 02 uptake of control rats. In contrast with other
tissues of thiamine deficient rats, in which addition of thiamine produced an
increase in the 02 uptake and in the utilization of pyruvate (43, 44), utilization
of pyruvate and 02 uptake in the presence of pyruvate were not increased on
addition of thiamine (Table XVII). This lack of action of thiamine may be
taken as an indication of a very slow rate of synthesis of diphosphothiamine.
EFFECT OF VESICANTS ON 5KIN METABOLISM
In spite of the considerable amount of work done on the vesicant action of
some war gases, the mechanism is not yet clearly understood. We present here
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work done in our laboratory on the effect of some war gases on skin metabolism.
We shall elaborate no theory because a large proportion of work on mechanisms
has not yet been published.
1. Mustard Gas (Dichioroethylsulfide). To study the effect of mustard gas
on the respiration and on the anaerobic glycolysis of the skin, young rats (2 to
3 days old) were used. The rats were suspended in hooks which held them
from the abdomen and the skin was painted with mustard (20 per cent in ethyl
C.,
z
'U
I-
C-
040
T!ME IN HOURS
FIG. 2. EFFECT OF MUSTARD GAS ON THE 02 UPTAKE OF YOUNG RAT SKIN
20 per cent mustard in ethyl alcohol applied to the skin. Ringer-phosphate + 0.01 M
pyruvate.
1) Control; 2) 30 minutes after mustard application; 3)1 hour after; 4) 4 hours after.
Figures give e.mm. 02 uptake per mg. dry weight.
alcohol). The rats were sacrificed at different times, the mustard was removed
by sponging with alcohol, and the skin was removed for the measurements of 02
uptake and lactic acid formation. The 02 uptake was measured in the presence
of 0.01 M pyruvate. When the skin was exposed to mustard for 30 minutes
there was very little effect on the 02 uptake; when it was exposed for one hour
there was 24 per cent inhibition at the end. of the four hours; when it was exposed
for four hours, there was pronounced inhibition even one hour after the measure-
ment started (Figure 2). Measurement of pyruvate utilzation showed very
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slight differences. In marked contrast with this comparative lack of effect of
mustard gas on the 02 uptake when the substance was kept in contact with the
skin for 30 minutes, the effect on anaerobic glycolysis was immediate, as can be
seen in the experiments plotted in Figure 3. In these experiments the rats were
sacrificed 5, 10, 15, 60, and 180 minutes after application of mustard to the skin.
Even 5 minutes after mustard application, the anaerobic glycolysis was inhibited
by 16 per cent on the first hour of measurement, 36 per cent on the second hour,
TI?VE IN
Fm. 3. EFFECT OF MUSTARD GAS ON SEIN ANAEROBIC GLYCOLYSIS
Ringer-bicarbonate, N2:CO,, p11 7.4; Glucose, 0.01 M. Figures give c.mm. CO2 produc-
tion per mg. dry weight.
1') Control; 2) Skin treated with mustard for 5 minutes; 3) Treated 10 minutes; 4) Treated
15 minutes; 5) Treated 60 minutes; 6) Treated 180 minutes.
and 48 per cent on the third hour. The degree of inhibition increased with the
time of application of mustard. It may be concluded from these experiments
that the glycolytic process is the first to be attacked by mustard gas and that
inhibition of respiration may be only the non-specific action of large amounts of
mustards on proteins in general. Whether the glycolysis inhibition is a con-
sequence of hexokinase inhibition, as Dixon4 postulates, cannot be answered
from these experiments.
'M. Dixon, British Reports (1942).
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The effect of mustard on succinate oxidation by the skin was studied by
applying it in ethyl alcohol solution and with no solvent. In the first case,
there was 72 per cent and in the second case, 61 per cent inhibition of the extra
02 uptake due to succinate oxidation. When succinate oxidation was measured
anaerobically in bicarbonate buffer with N2:C02 as gas phase, and ferricyanide
as the oxidizing agent, according to Quastel and Wheatley (45), it was not
affected at all by mustard (Table XVIII). Since mustard has no effect on
cytochrome oxidase, the aerobic inhibition might be due to destruction of some
other component of the succinic oxidase system, perhaps flavoprotein.
When BAL (2 ,3-dimercaptopropanol) (50 per cent in ethyl alcohol) was
applied to the skin of young rats there was an increase in anaerobic glycolysis
(30 per cent). In these experiments BAL was kept on the skin for one hour,
at the end of which the remaining BAL was carefully wiped off with a cotton
swab moistened with ethyl alcohol. To ascertain that the CO2 production in the
manometric experiments was due to lactic acid formation, the same experiments
TABLE XVIII
Effect of mustard gas on the oxidation of succinate by rat skim
Aerobic oxidation, determined by the 02 uptake due to succinate oxidation (02 uptake in
absence of substrate subtracted). Anaerobic oxidation, determined by CO2 output due to
succinate oxidation by ferricyanide in Ringer-bicarbonate with N2 :C02 as gas phase (CO,
output in the absence of substrate subtracted). Figures give c.mm. per 100 mgs. dry
weight.
AEROBIC OXIDATION ANAEROBIC OXIDATION
CONDITIONS
Control Inhibitor Control Inhibitor
c.mre c.mm. c.mm. c.nim.
Mustard applied with alcohol as sol-
vent 22.55 6.3 58.9 57.8
Mustard applied with no solvent 26.4 10.5 55.8 65
were repeated with colorimetric determination of the lactic acid formed. The
increase in lactic acid formation was 40 per cent (Table XIX). We interpret this
increase as an indication that either hexokinase or phosphoglyceraldehyde
dehydrogenase (the two sulfhydryl enzymes in the series of reactions of glycoly-
sis) is present in the skin in a partially oxidized state; addition of BAL reactivates
the enzymes by reduction of the oxidized —SH groups producing as a consequence
increased glycolysis. Barron et al. (46) have shown that BAL has no effect on
skin respiration.
On three different occasions we tested the effect on skin respiration of the
fluid found in blisters produced by mustard gas. 0.3 cc. of this fluid was added
to the Warburg vessels containing skin slices suspended in 2.7 cc. Ringer-
phosphate solution. The blister fluid had no effect at all on the respiration
of the skin.
English investigators found that the application of BAL to human skin
treated with mustard prevents the appearance of blisters or at least diminishes
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their extent without, however, having any effect on the ultimate progress of the
intoxication. To attempt an explanation of this remarkable effect of BAL,
rats were treated as follows: 1) with 20 per cent mustard for one hour; 2) with
50 per cent BAL for one hour; 3) with 20 per cent mustard for 10 minutes followed
by application of 50 per cent BAL. All animals, controls included, were killed
TABLE XIX
Effect of BAL on skin anaerobic glycolysis
Rats were painted with 50 per cent BAL in ethyl alcohol. One hour later the excess
BAL was removed with alcohol. Ringer-bicarbonate buffer N1:C02. Glucose, 0.01 M.
Figures give c.mm. CO2 per mg. dry weight.
TIME
CO2 PRODUCTION
Control BAL
hours
1st hour
2nd hour
3rd hour
c.mm.
2.0
1.6
1.68
c.mm.
2.47
2.33
2.38
Lactic acid formation in 3 hours.. 5.0 7.0
0
1
Ui
z0
I—
0
U.
020a
90 120
TIME IN MINUTES
Fm. 4. EFFECT OF MUSTARD, BAL, AND MUSTARD + BAL APPLIED 10 MINUTES
LATER ON THE ANAEROBIC GLYCOLYSIS OF YOUNG RAT SKIN
1) Mustard treated skin; 2) Mustard + BAL; 3) Control; 4) BAL
at the same time, and the anaerobic glycolysis was measured both mano-
metrically and colorimetrically. In the manometric experiments, mustard
produced an average inhibition of 57 per cent; BAL produced a small increase
(14 per cent); mustard plus BAL produced an inhibition of 24 per cent (Figure 4).
Similar results were obtained when lactic acid formation was measured (Table
XX). These experiments are no evidence of reversal of mustard inhibition of
30 60 50 ISO
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glycolysis. They, like the previous experiment on the effect of BAL alone on
glycolysis, show that the skin has normally -Sil enzymes in a state of partial
inactivation. Addition of BAL has reactivated these partially inactive enzymes
not attacked by mustard and has thus produced an apparent reversal of inhibi-
tion. Enzyme inhibitions produced by mustard gas are irreversible.
2. Lewisite (Chiorovinyl dichioroarsine). The effect of lewisite on skin metab-
olism was first studied by painting one portion of the shaved skin (abdomen of
rats) with 5 per cent lewisite dissolved in diphenyl ether. (Previous experiments
had shown that diphenyl ether had no effect on the respiration of the skin.)
The animals were sacrificed half an hour after lewisite application. The control
values were obtained from the same rats in the skin from the untreated portion.
Skin respiration and glycolysis were completely inhibited. Inhibition of both
processes is due to the great affinity of lewisite for the —Sil groups of sulfhydryl
enzymes.
TABLE XX
Effect of mustard gas and BAL on anaerobic glycolysis of the skin
Mustard applied for 1 hour to the skin of young rats. BAL applied to the skin after 10
minutes application of mustard. Experiments 180 minutes and 200 minutes duration.
Figures give c.mm. per mg. dry weight. Litter mate rats used in these experiments.
CONDITIOIS LACTIC ACID FORMATION
c.mm.
180 min.-Control 13.2
Mustard treated 8.4
BAL treated 10.2
Mustard + BAL 15.8
200 mm-Control 19.4
Mustard treated 10.4
BAL treated 24.5
Mustard + BAL 16.2
Barron et al. (47) have shown that lewisite, like other trivalent arsenical
compounds, inhibits succinodehydrogenase through formation of a thioarsenite
with the —SH groups of the enzyme, and that this inhibition is completely
reversed by addition of BAL at a ratio of lewisite to BAL of 1:6. The aerobic
oxidation of succinate was inhibited 89 per cent in the skin of rats treated with
5 per cent lewisite dissolved in diphenyl ether. In order to demonstrate that
this inhibition of the 02 uptake was due to action of lewisite on the dehydro-
genase, oxidation of succinate was performed anaerobically with ferricyanide
as the oxidizing agent. Under those conditions lewisite produced an inhibition
of 89 per cent. The inhibition was thus due to action on the activating protein,
i.e., the dehydrogenase (Table XXI,)
The inhibition produced by lewisite on the 02 uptake of skin slices (human)
is shown in Table XXII. Even a concentration of 5 + 1O M inhibited respira-
tion by 24 per cent during the first hour and 29 per cent in the second hour.
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TABLE XXI
Effect of lewisite on the oxidation of succinate b7j skin
The shaved skin of rats was treated with 5 per cent lewisite dissolved in diphenyl ether.
After one hour, lewisite was thoroughly removed. Another portion of the skin served as
control. Aerobic oxidation, 0 uptake in Ringer-phosphate. 02, gas phase. Anaerobic
oxidation, CO2 output in Ringer-bicarbonate. N2:C02 as gas phase. Succinate, 0.01 M.
Figures give c.mm. per mg. per hour.
SUBSTRATE
02 UPTAKE CO2 ouu
Control Treated Control Treatei
None
Succinate
5mm. cm,,,.
0.72 0.12
0.90 0.14
5mm. c.mm.
0.683 0.643
1.42 0.722
TABLE XXII
Effect of lewisite and arsenite on respiration and glycolysis of skin (human)
Lewisite added to skin slices in Warburg vessels. Figures give c.mm. per mg. dry
weight.
ADDITIONS
RESPIRATION
02 UPTAKE
GL'ICOLYSIS
CO, OUTPUT
1st hour 2nd hour 1 hour
M
None
Lewisite
1 X 10
5 X 10
1 X 10
5 X 10
Arsenite
1 X 10
c.nsm.
1.51
0.417
0.571
1.08
1.33
0.53
5mm.
1.48
0.26
0.343
0.99
1.17
0.44
c.mm.
1.82
0.18
1.46
TABLE XXIII
Effect of BAL on the respiration of skin slices (human)
Ringer-phosphate, ph 7.4;Glucose, 0.01 M. 01 Uptake, c.mm. per mg. dry tissue.
BAL
O UPTAKE
1st hour 2nd hour
A1
None
1 X 10'
5 X 10
1 X l0
5 X 10'
c.mm.
1.30
1.38
1.28
1.30
1.35
c.mm.
1.28
0.95
1.04
1.22
1.32
Arsenite was a less powerful inhibitor, as 1 X 1O M inhibited only 65 per cent.
In order to see whether this inhibition could be reversed by BAL, the effect of
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this dithiol on the respiration of skin slices was studied. In concentrations
varying from 1 X 1O to 5 X 1O M BAL had no effect during the first hour.
In the second hour, 1 X 1O M BAL produced an inhibition of 26 per cent.
TABLE XXIV
Release by BAL of lewisite inhibition of skin respiration (human)
BAL was added 20 minutes after the addition of lewisite. Figures give c.mni. per mg.
dry weight.
ADDITIONS
02 UPTAKE
1st hour 2nd hour
None
Lewisite, 1 X 10' M
BAL, 5 x 10—i M
Lewisite + BAL
1.51
0.91
1.48
1.43
1.50
0.89
1.47
1.39
60 2O
TIME N M9UTES
Fm. 5. EFFECT OF METHYL Bis (B-CHLOROETHYL) AJ%lns (0.001 M) ON THE
RESPIRATION OF SKIN
1) Human skin slices; 2) With alkylamine; 3) Rat skin slices; 4) With alkylamine
However, 5 X 10 M BAL had no effect even in the second hour (Table XXIII).
Skin slices (human) were then treated with 1 X 1O M lewisite for 20 minutes,
at the end of which 5 X 10 M BAL was added to some of them. Lewisite
produced an inhibition of 45 per cent in the second hour. Addition of BAL
diminished this inhibition to 8 per cent (Table XXIV).
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Inhibition of tissue metabolism by lewisite can be explained wholly on its
action on sulfhydryl enzymes with formation of thioarsenites.
Nitrogen Mustards (Chioroalkyl amines). Nitrogen mustards applied to the
skin produce vesication (48). The respiration of rat skin was very little affected
in the first hour by 0.001 M methyl bis (9-chloroethyl) amine; the inhibition
increased with time so that at the end of four hours it was 54 per cent (Figure 5).
Human skin was more resistant to the inhibiting effect of methyl bis (-chloro-
ethyl) amine; there was no inhibition at the end of one hour, and at the end of
I-.
0
I—
0
0
TIME IN HOURS
Fxa. 6. EFFECT OF MSTRYL Bis (B-cHLOROEPHYL) AMINE (0.001 M) ON SKIN
GLYc0LY5I5 (RAT)
Ringer-bicarbonate; N2:C02 gas phase. Glucose, 0.01 M. Figures give c.mm. CO2
produced by mg. dry weight.
1) Control; 2) Methyl Bis (B-chloroethyl) Amine.
three hours it was only 18 per cent. Ethyl bis (-chloroethyl) amine had a
greater inhibiting action: 0.001 M produced an inhibition of 39 per cent on the
respiration of human skin at the end of two hours. Similar results were obtained
with rat skin. Anaerobic glycolysis of rat skin was inhibited by 0.001 M methyl
his ($-chloroethyl) amine (Figure 6).
SUMMARY
The skin, in contrast to other tissues, showed a pronounced difference between
the foetal state and the adult state. The foetal skin had high respiration and
glycolysis, in fact, five to six times higher than that of adult skin. This high
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metabolic activity lasted in the rat until about seven days after birth, when it
dropped abruptly to the low values which characterize adult skin. The Q02
values of adult rat skin varied with the strain, ranging from 0.4 to 0.9.
The high metabolic activity of foetal skin was shown also on measuring the
utilization of pyruvate, which was ten times as high as in adult skin. Human
skin (adult) had also a very low respiratory rate, Q02 1.5, only three times higher
than that of connective tissue. There was little difference in respiration between
human adult skin and foetal skin; however, the anaerobic glycolysis of foetal
skin was twice that of adult skin.
Citrate and a ketoglutarate were not utilized by the skin; neither was there
synthesis of carbohydrate from pyruvate. Isocitric dehydrogenase was not
found in this tissue. There was NH3 formation in the absence of substrates
and in the presence of alanine, glutamate, histidine, and tyrosine. Of the fatty
acids studied, butyrate and acetoacetate were oxidized. A concentration of
iodoacetate which inhibited glycolysis by 83 per cent inhibited respiration only
22 per cent; similarly, glyceraldehyde, which inhibited glycolysis 74 per cent,
had no effect on respiration. This is an indication that glucose metabolism in
skin may proceed also through other pathways than glycolysis, to wit, oxidation
of hexosemonophosphate. Since citrate and a ketoglutarate are not oxidized
while pyruvate and succinate are, it is possible that carbohydrate metabolism
in the skin ends through the succinate fumarate system. The effect of pH
on skin respiration was nil between pH 7 and 7.6. The effect of 02 tension was
small. Comparison of the respiration of the skin of different regions of the body,
in the rat, showed that of abdomen to be highest, then the scapula, and then the
sacral region. The R.Q. of foetal skin was higher (0.95) than that of adult skin
(0.85). The respiration of the skin decreased considerably in thiamine deficient
rats: addition of thiamine did not increase pyruvate oxidation, an indication of
slow synthesis of diphosphothiamine.
When the skin of young rats was painted with mustard gas for different inter-
vals of time, it was found that inhibition of respiration required a prolonged
contact, while inhibition of glycolysis took place as soon as five minutes after
application of mustard. BAL increased skin glycolysis, and when applied to the
skin of rats which had been treated with mustard, it brought partial restoration
of glycolysis. This restoration is not due to release of inhibition produced by
mustard, but to reactivation by BAL of that portion of the sulfhydryl enzymes of
the skin which were in the oxidized state.
Lewisite applied to the skin of rats produced inhibition of respiration and
glycolysis due to inhibition of the numerous sulfhydryl enzymes which take
part in both series of reactions. The aerobic as well as the anaerobic oxidation
of succinate was inhibited by lewisite. In human skin slices some inhibition of
respiration was produced with as little as 5 X 10 M. This inhibition was
reversed on addition of BAL at a ratio of lewisite to BAL of 1 to 5.
Nitrogen mustards, such as methyl bis (3-chloroethy1) amine and ethyl bis
(-cMoroethyl) amine inhibited the respiration and glycolysis of rat skin. They
bad less effect on the respiration of human skin.
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